data that was originally based on an average mRNA size sequence tags (ESTs) were available in public databases as of October, 1995, it is still unclear how many genes of 1250 nt (Levy and Manning, 1981) . The appropriate have been identified by this methodology (Jordan, 1996) . mRNA length estimated from current molecular data is On the basis of presently available data, the human 2100 nt (Maroni, 1994 (Maroni, , 1996 , leading to a revised estigenome could have fewer than 50,000 or more than mate of 10,000 transcription units. Since the two most 100,000 genes. This uncertainty is unlikely to be resolved reliable estimates based on cloned material vary from until a large sample of the genome has been sequenced 11,000 to about 13,000 transcription units, we take so that the fraction of genes represented in the EST 12,000 as a working figure for the number of proteindatabases can be assessed. coding genes in D. melanogaster.
Why are mammals likely to have four to six times as A comparison with other organisms reveals that a many genes as Caenorhabditis and Drosophila? One unicellular protozoan, a nematode worm, and a fly depossibility is that a significant component of the mamvelop and function with 12,000-14,000 genes (Table 1) . malian increase has occurred by polyploidization, a These three examples illustrate that there can be large common evolutionary feature in most unicellular and differences in morphological complexity among differmetazoan lineages (John and Miklos, 1988) . The evoluent organisms that have similar numbers of genes. Gene tion of mammalian genomes is thought to include at number per se is not likely to provide a useful measure least two whole genome duplications of an ancestral of biological complexity. The increase in the average genome (Holland et al., 1994) , as well as duplication amount of DNA occupied by a genetic unit from 1 kb in of subchromosomal segments together with extensive bacteria, to 2 kb in yeast, to 10 kb in flies is likely to gene duplication that has given rise to many large reflect an increased requirement for cis-acting regulamultigene families (Lundin, 1993) . If the genome projects tory elements in metazoan organisms.
verify the underlying octoploid nature of the human and mouse genomes, then the basic vertebrate gene number The Number of Core Biochemical Pathways may be similar to that of the fly and worm, about 12,000 and Mechanisms Is Likely to be Similar to 14,000 genes. Interestingly, the urochordate Ciona in All Metazoa intestinalis has a genome size and a repetitive DNA Polysomal mRNA data indicate that the squid Loligo content similar to that of D. melanogaster (John and pealii has at least 35,000 genes (Capano et al., 1986) , Miklos, 1988) . If this were indicative of a basic chordate and our reevaluation of data from tetraploid tobacco genome, then the number of core biochemical pathways (Kamalay and Goldberg, 1980) in the light of cloned and mechanisms is unlikely to be greatly different in mRNA lengths (Maroni, 1996) shows that this plant has flies, nematode worms, early chordates, and humans. approximately 43,000 genes. Thus, excluding verteThe duplicated pathways in mammals are, however, brates, the variation in gene number in multicellular eulikely to have adopted specialized expression patterns karyotes currently ranges from approximately 12,000 to and biological functions. about 43,000, assuming the squid and tobacco estiHow widespread is duplication at the genomic level? mates, which are based solely on a single method, are Analysis of Haemophilus influenzae reveals that 30% accurate.
of its 1760 genes are essentially identical duplication Human and mouse genomes are thought to have approducts . Estimates from Escheproximately 70,000 genes (Antequera and Bird, 1993;  richia coli indicate that 46% of its 4100 genes are recognizable as gene duplicates (Koonin et al., 1995) . In yeast, Collins, 1995). Although over 270,000 human expressed the published genomic sequences show that at least The estimates for Caenorhabditis range from 2,900 to 3,500 lethal loci in a genome of approximately 14,000 14% of its 5800 genes are clear duplicates. In worms, flies, mice, and humans, there are insufficient data as yet genes (Table 3 ). These estimates are based on extrapolations from three regions of the worm genome that to determine what proportion of genes are duplication products. The majority of genes in the mouse and human together constitute about 8% of the genetic map (Clark et al., 1988; Howell and Rose, 1990 ; Johnsen and Baillie, genomes exist as multigene families, some of whose memberships are in the hundreds to thousands. It is 1991). In S. cerevisiae, approximately 900 genes out of 5800 estimated that there are 2000 or so protein kinases and perhaps as many as 1000 phosphatases (Hunter, 1995) .
are cell lethals, and an additional 900 act to stop cell cycle processes or cause impairment of growth on speThis compares with an estimated 350 protein kinases and 80 phosphatases in the worm (Hodgkin et al., 1995) . cific media (Burns et al., 1994) . Hence about 1800 genes in toto are equivalent to the lethal class of multicellular However, if mammalian genomes are minimally octoploid, then a substantial proportion of the mouse and organisms (Table 4) . In Arabidopsis there are approximately 500 lethal human genomes will, initially at least, have consisted of duplication products. Anecdotal data on an increasing genes (Meinke, 1994) in a genome that is reported to house about 25,000 genes (Goodman et al., 1995) . number of genes support this view: Drosophila has one copy each of the Ras, Raf, and Notch genes, as well as Whether this finding is a peculiarity of plant reproductive processes and embryonic development or whether the of the genes of the Hox cluster, while vertebrates have three or more of each of these genes.
current estimates for the number of lethal genes or total gene number are unreliable ones (or both) awaits future In multicellular organisms, functional duplicate copies of a gene can exist in a genome, but if their expression analysis.
In the zebrafish, it is estimated that there are roughly patterns do not overlap, their products are unable to compensate for each other if either gene is mutated. 5000 lethal genes (Haffter et al., submitted) , although the total number of genes in the genome is not known. The information gathered in databases will provide an essential guide to analyzing the extent of potential com-
The only estimate of gene number in a teleost is from the pufferfish Fugu rubripes, which is claimed to have pensation during the life cycle of an organism by providing detailed information on the sites of expression of as many genes as humans (Brenner et al., 1993) , although this estimate is based on a sample of only 0.1% each gene.
of the genome. In Mus, the available data on lethal loci largely stem In Yeast, Worms, Flies, and Mice, Only About 1 in 3 Genes Is Essential for Viability from three sources: from the 263 gene knockouts summarized by Brandon et al. (1995) ; from small promoter The consequences of some genomic perturbations cannot be compensated for by normal epigenetic processes trap analyses, such as that of Friedrich and Soriano (1991) ; and from a mutagenesis analysis of the t region and result in the death of the organism prior to adulthood. To determine the extent of compensation, we first of chromosome 17 (Dove, 1987) . Of the 263 knockouts, approximately 25% are embryonic lethals. Taken at face summarize data on Drosophila genes whose inactivation leads to lethality and then compare the fly data with value, these figures indicate that there would be approximately 18,000 lethal loci if the mouse genome housed those from other organisms.
The number of lethal loci in the Drosophila genome 70,000 genes. However, this is a highly selected sample of genes and the extent to which it is a reliable guide is thought to be about 5000 (Nusslein-Volhard, 1994; Lewin, 1994) , but new data allow us to refine this figure to the whole genome is not known. In the promoter trap study, 9 out of 24 knockout strains yield homozygous downward. We have evaluated the published data from 27 different chromosomal regions that have been subembryonic lethals, indicating that there would be approximately 26,000 lethal loci if these figures were used. jected to extensive mutagenesis. From this large sample comprising a quarter of the fly genome, we estimate that
In the genetic analysis of the t region, 17 lethal loci were recovered, and it is on this minute sample that the figure there are approximately 3,600 lethal loci in a Drosophila genome of 12,000 genes (Table 2) .
of 5,000 to 10,000 lethal loci in the mouse genome is based (Dove 1987) . It is clear that an estimate of the On a CD-1 background, the mutant mice live for 3 weeks or so (Threadgill et al., 1995) . Similarly, the mouse acnumber of lethal loci in the mouse genome is uncertain, and presently ranges from 5,000 to 26,000.
tivin/inhibin ␤B subunit knockout has an eye defect that is not seen in a 129/Sv background, but is penetrant in both 129/Sv ϫ C57BL/6 and 129/Sv ϫ BALB/c backThe Phenotypic Consequences of Gene Inactivation Depend on Genetic Background grounds (Vassalli et al., 1994) . Different genetic backgrounds can allow or eliminate intestinal tumors in mice, The interpretation of gene inactivation, deletion, or knockout data needs to be treated with caution (Erickand in humans there is variation among different members of the same family inheriting the APC mutation, son, 1993; Weintraub, 1993; Thomas, 1993; Crossin, 1994; Pickett and Meeks-Wagner, 1995) , since detecting which predisposes them to colon cancer (Dietrich et al., 1993) . The human phenotypic spectrum can differ from subtle phenotypic alterations under laboratory conditions is difficult. In addition, the current methods used that of the mouse for the same gene, the perturbations of the ret receptor tyrosine kinase being a good example in evaluating function are often inadequate, and small reductions in fitness are usually not measured. In yeast, (van Heyningen, 1994) . All of these data draw attention to the compensatory resiliency that is known to occur for example, the total deletion of a membrane protein coding for a probable acetic acid exit pump usually in developmental networks in different organisms (Crossin, 1994; Pickett and Meeks-Wagner, 1995) . One of the has little phenotypic effect. However, the cells die when grown on glucose at low pH and when perturbed with challenging future research avenues is to examine single and multiple gene inactivations in different genetic backacetic acid (Oliver, 1996) . In multicellular organisms, it is not always possible to comprehend fully the phenotypic grounds and to map, isolate, and characterize the major contributors to the variation (Lander and Schork, 1994) . consequences of a knockout or gene perturbation. In Drosophila, for example, second-site mutations often partially suppress the phenotype of a gene perturbation, Nearly All Gene Products Are Expressed and these modifiers accumulate in cultures of Drosophand Utilized at Multiple Places and Times ila maintained as homozygous stocks (Ashburner, 1989) .
during Development In humans it is clear that simple single gene diseases
The classical genetic studies in Drosophila and Mus are rare (van Heyningen, 1994; Mulvihill, 1995; Brandon revealed that certain genes affected many aspects of the et al., 1995). As described below, to understand fully phenotype, and these were termed pleiotropic. Indeed, the phenotypic changes caused by mutation of a gene Gruneberg (1952) first pointed out for the mouse that all requires knowledge of the different cell types, developgenes that had been studied with any care had pleiotromental stages, and cellular processes in which it funcpic effects. In Drosophila, pleiotropy is the rule rather tions as well as of the compensatory changes that may than the exception. In molecular terms, pleiotropy can occur to allow that function to be accomplished in a arise if a protein (or RNA) is functionally required in different way.
different places, at different times, or both. The expres-A gene knockout can result in different phenotypes sion of the Notch transmembrane protein of Drosophila when it is placed in different genetic backgrounds. For is one example. It is involved with different ligands in the mouse epidermal growth factor receptor knockout cell-cell interactions in different tissues in a variety of there is peri-implantation death on a CF-1 background.
regulative events (Artavanis-Tsakonas et al., 1995). There is mid-gestation death on a 129/Sv background.
A large-scale analysis of functional requirements has been undertaken in the Drosophila germline and the from that of nonlethal loci, then in excess of 70% of the genes in the genome would be used in the construction Many biological systems function synergistically rather than as on/off switches. Protein tyrosine phosof each of these organ systems.
A further indication of potential pleiotropy emerges phatases, for example, act synergistically with protein kinases to produce particular physiological responses from studies of gene expression that almost always reveal expression of a gene in more than one place or at Cool and Fischer, 1993) . In addition, there are threshold effects when transcription factors bind more than one time. In a study of nearly 600 randomly selected enhancer trap lines found to be expressed in combinatorially to other proteins, as well as to high and low affinity DNA sites, or when the spacing between the Drosophila larval brain, only two lines gave staining exclusively in the nervous system. Most lines revealed DNA binding sites is altered (Gray et al., 1995) . For example, high levels of the Dorsal protein activate the twist expression outside of the central nervous system with little tissue or organ specificity (Datta et al., 1993) . In a and snail genes, whereas low levels repress zerknult and decapentaplegic (Jiang and Levine, 1993) . Multiple similar study of nearly 20,000 enhancer trap lines, over 15% were expressed early during development of the protein-protein interactions also have significant effects on target affinities (Struhl, 1996) . In general, synergistic retina, but only 1 was found to be limited to the visual system (U. Gaul, L. Higgins, and G. M. R., unpublished interactions can lead to large responses following small changes in the concentrations of transcriptional compodata). Furthermore, in studies of reporter gene expression in over 3700 enhancer trap lines during embryogennents, an effect that is also produced by phosphorylation of transcription factors. esis, there was extensive expression at different times and at different places (Bier et al., 1989) . These are large
The order in which proteins are assembled into a multisubunit transcription complex is important, as are samples of localized genomic activity, and it is clear that nearly all Drosophila genes are expressed in at the rate-limiting steps in assembly and the physiologically relevant protein-protein interactions (Struhl, 1996 ; least two different places or times during development. However, it is not safe to assume that whenever a protein Goodrich et al., 1996) . However, neither the order nor the rate of assembly can be derived by computer analyis expressed in a cell, it is expressed there for functional reasons; aspects of an expression pattern may simply sis from the knowledge of the number and type of protein components active in a particular cell. The outputs of reflect the default outcome of the regulatory networks in which that gene happens to be embedded. multisubunit protein complexes, be they transcription complexes or phosphorylated receptor-docking protein complexes, are nonlinear. Insights into their nature canDatabases of Gene Structure and Expression not be extracted directly from any combination of dataPatterns Will Be Critical but Insufficient bases because they are not an explicit property of the to Decipher Gene-Regulatory Networks information itself, but of time-dependent combinatorial One approach to the functional evaluation of regulatory interactions that must be analyzed across many levels. elements is to identify evolutionarily conserved regulaTo obtain insights into these time-dependent interactory regions by interspecies comparisons, in combinations, thresholds and networks, particularly during detion with transgenic analyses. For example, DNA sevelopment, will require transgenic organisms in which quence comparisons of the promoter regions of four precise molecular alterations have been engineered. different rhodopsin genes from D. melanogaster and D. virilis reveal an interchangeable conserved set of core Core Cellular Processes and Pathways Are Largely sequences with additional upstream sequences conferConserved among the Model Organisms ring cell type specificity. Detailed mutagenesis studies
The problem of understanding developmental proof 31 regulatory regions reveal that 7 of the 8 conserved cesses in different organisms is compounded by the sequences are compromised in their functions when finding that, on the one hand, there are highly conserved mutagenized, whereas none of the 23 nonconserved genes and gene networks in distantly related organisms, regions perturbs normal function when altered (Fortini yet on the other hand some genes and gene networks and Rubin, 1990) . It is likely that computer analyses occur in one lineage but are absent from another. For among different species will reveal a proportion of conexample, the bacterial genome projects reveal that H. served core regulatory sequences for genes. The extent influenzae has 68 genes for amino acid biosynthesis, to which this holds within and between phyla awaits whereas M. genitalium has only 1. In addition, the majorexperimental analyses. It is already clear that such comity of genes in the archaebacterium Methanococcus janparisons between Mus and Homo will be a preferred naschii are claimed to have no equivalents in other ormethod for defining the control regions of mammalian ganisms (Holden, 1996) . In S. cerevisiae, over 30% of genes (Ravetch et al., 1980) and provide a strong arguthe genes as yet have no relatives in any other organism ment for syntenic sequencing of the human and mouse (Dujon, 1996) . Furthermore, we still have little idea how genomes.
many of the genes that are present in vertebrate, inverteTo what extent will the knowledge of all the regulatory brate, fungal, plant, and Protoctistan genomes are components during development provide information unique to a lineage. Some major classes of genes, howon the strengths of molecular interactions and the ever, are clear signatures for particular lineages. The thresholds that determine normal developmental or immunoglobulin genes of the vertebrate immune system physiological responses? We turn to this issue, which are not found in the yeast, fly, or worm genomes. Collarelates to networks, thresholds, and nonlinear regens are not found in unicellular eukaryotes, and recepsponses in biological systems (Edelman, 1987 (Edelman, , 1988  tor tyrosine kinases appear to be a metazoan invention (Hunter, 1994) . Weintraub, 1993).
On the other hand, many thousands of proteins, with biology of yeast, has been obtained via loss-of-function perturbations (Nusslein-Volhard, 1994; Mullins et al., varying degrees of sequence similarity, are common to many lineages, and these proteins make up much of the 1994; Burns et al., 1994; Spradling et al., 1995; Brandon et al., 1995) . The information gained from careful analycellular machinery. Conservation of function also occurs at higher levels. In many cases not only individual protein sis of loss-of-function phenotypes has proven to be valuable in elucidating complex genetic pathways such domains and proteins, but entire multisubunit complexes and biochemical pathways are conserved. In as the yeast cell cycle (Hartwell, 1991) and early pattern formation in the Drosophila embryo (Nusslein-Volhard some cases, the way in which these complexes and pathways are utilized in the development and physiology and Weischaus, 1980). Nevertheless, the loss-of-function approach quickly reaches a pragmatic limit for sevof the organism are also conserved. For example, it is known that intracellular protein transport in yeast and eral reasons. First, the majority of genes have no easily assayable loss-of-function phenotype. Second, even synaptic vesicle release in neurons have conserved protein components (Rothman, 1994) . In signaling pathwhen a phenotype is observed, it only reflects that part of the function of a gene that cannot be compensated ways such as those involving the Ras and Notch cascades, many of the protein components are conserved by other genes and pathways. In many cases this will represent only a small fraction of the function of a gene between yeasts, flies, worms, and humans (Wassarman et al., 1995; Artavanis-Tsakonas et al., 1995) . The CREB in the organism. Third, pleiotropy of gene function complicates analysis. For example, it is difficult to examine transcription factor has been implicated in the cAMP-PKA pathway involved in synaptic plasticity and the forthe role of a gene in a cellular process if its mutation arrests cell proliferation and thereby prevents the genermation of long-term memory processes in the Mollusca, Arthropoda, and Vertebrata Deisser- ation of a population of homozygous mutant cells. If a mutation results in embryonic lethality, it is difficult to oth et al., 1996) . The use of similiar cell adhesion molecules by Drosophila, Caenorhabditis, and Gallus galstudy the role of that gene in the formation of an adult organ, although it is sometimes possible to use temperalus provides evidence for phylogenetically conserved mechanisms of growth cone guidance of neurons ture-sensitive mutations to surmount these difficulties. The use of site-specific recombination systems in (Goodman, 1996) . Examples of apparent conservation even extend to processes that had not been thought to transgenic animals offers a general approach to generating lineage-specific mutations. These approaches are have a shared ancestor, such as vertebrate and invertebrate limb formation (Shubin et al., 1996) .
being exploited in the mouse by the use of the bacteriophage P1 cre-loxP system (Gu et al., 1994) and in the Assessing conservation of function is much more difficult than assessing structural conservation. For strucfly by the yeast FLP-FRT system (Xu and Rubin, 1993) . Spatially and temporally targeted misexpression of ture, the different genome projects will provide the absolute basis on which core components such as protein individual genes provides an alternative way to perturb gene-regulatory networks. In Drosophila, this can be domains, proteins, and multisubunit complexes can be compared in different evolutionary lineages. However, achieved using the GAL4-UAS system, in which an enhancer trap vector that expresses the yeast transcripto assess functional conservation one must determine the function of a protein or pathway in more than one tional activator GAL4 has been mobilized to generate hundreds of lines that drive GAL4 expression from a organism. As we argue below, obtaining the requisite knowledge of gene networks and regulatory elements large number of genomic enhancers (Brand and Perrimon, 1993) . Each of these can be used to activate specifwill require sophisticated genetic and transgenic experimentation that is now only possible in a few organisms.
ically a target gene of choice. The GAL4 line whose individuals exhibit the experimentally desired expresOne important task will be to determine the extent to which the novel use of conserved core processes in sion pattern is then crossed to UAS target gene-bearing individuals, and the gene is activated only in those cells a given lineage, as opposed to the invention of new molecular processes, has contributed to producing morwhere GAL4 is expressed. The target gene can come from any organism, can be a synthetic combination of phological and biochemical novelties (for further discussion see Miklos, 1993a Miklos, , 1993b domains, can encode a protein with either unregulated or dominant-negative function (Herskowitz, 1987), or and . In the Chordate lineage alone, can code for a site-specific recombinase. In this way, these novelties include the immune system, the presand without interfering with the developmental proence of myelin sheaths, electroreception, and infrared cesses leading to adult structures, gene products from vision. The genome project and transgenic data will not any organism or synthetic source can be expressed in only help to determine the extent to which functional specific parts of the fly, such as the nervous system, as interchangeability at the gene level is possible among well as targeted to different subcellular locations, such different organisms, but will also allow better choices to as synapses (Callahan and Thomas, 1994) . As with all be made about which genes to use for such interspecies such modifications, the difficult task is to make sense transfers.
of the organismal behaviors following genomic changes (Ferveur et al., 1995) .
Analysis of Loss-of-Function Mutations
Another approach to generating controlled misexNeeds to Be Complemented with Studies pression relies on site-specific recombination systems of the Effects of Gene Misexpression to remove a transcriptional terminator that separates a Much of the knowledge of developmental processes in gene from its promoter (Struhl and Basler, 1993) . For example, misexpressing the decapentaplegic (dpp) the fly, worm, mouse, and zebrafish, and of the cell gene in the region of the developing fly leg where the conservation to those of humans (see for examples Sidow and Thomas, 1994; Artavanis-Tsakonas et al., wingless (wg) product is made produces a secondary proximal-distal axis (Diaz-Benjumea et al., 1994) . While 1995), and it seems reasonable to expect that most of the components of these biological processes, and the the expression patterns of dpp and wg suggested that interactions between dpp-expressing and wg-expressway in which they interact with each other, will be conserved between flies and humans. Perhaps more suring cells might induce the proximal-distal axis, this was difficult to confirm by analysis of loss-of-function mutaprising is the extent to which the developmental and physiological functions of these core processes betions. Both dpp and wg have early and essential roles in development and also affect cell proliferation. The tween fly and human appear to be conserved. As we have discussed, the experimental tools exist in the ability to create a new proximal-distal axis at an ectopic site of contact between wg-expressing and dppmodel organisms, but not in humans, for assembling genes into pathways. The genome projects in each of the expressing cells validates the hypothesis for proximaldistal axis induction in a way that was not possible using model organisms will greatly facilitate this experimental work and, together with the sequence analysis of the loss-of-function mutations.
It is clear from such studies that future work will be human genome, will allow for the transfer of this information to human biology. Thus, the principal contribution driven increasingly by powerful transgenic technologies that will allow finer and finer orchestrations of multiple of the model organisms to human biology over the next 5 years will be the reduction of most of the approximately developmental networks in vivo. Saccharomyces, Drosophila, and Mus are the only organisms where the tech-70,000 individual components encoded by the human genome into a much smaller number of multicomponent niques to accomplish these types of manipulation are now possible. While yeast, fly, worm, zebrafish, puffcore processes of known biochemical function. Knowledge of the precise ways in which each of the evolutionerfish, Xenopus, chicken, and mouse each continue to contribute heavily to solving common problems, they arily conserved core processes are used in humans, and the many ways in which their perturbations can lead do have limitations in serving as models for each other or for humans.
to disease, will only come from the study of humans themselves, with some contribution from vertebrate models such as the mouse.
Perspectives
In the Post-Sequence Era, we may eventually be able We believe that the data to which we have drawn attento move beyond what evolutionary processes have actution provide reasonable indicators of the diversity of ally produced and ask what can be produced. The gene information that is likely to be available in the not too transfer approach may ultimately be superseded by an distant future. We also think that, in terms of experimeneven more radical way of tackling development, namely tal challenges, the next period will need to be one of by making novel combinations of protein domains and expanded transgenic biology in which multiple modificaregulatory motifs and building novel gene networks and tions are made within a genome; an increasing number morphogenetic pathways. That is, we may be able not of genes and regulatory sequences are shuttled beonly to discern how organisms were built and how they tween different organisms; and natural variation within evolved, but, more importantly, estimate the potential and between species is more extensively used to underfor the kinds of organisms that can still be built. stand parts of biological networks.
Even in their integrated form, the databases have sig-
